Seed remains of common millet (Panicum miliaceum L.) were excavated from sites of AD 4th-century Darhan (Mongolia), and AD 15th-century Budapest (Hungary). Because the 15th-century medieval grains looked so intact, a germination test was carried out under aseptic conditions, which resulted in swelling of the grains but no cell proliferation or germination. Ancient DNA (aDNA) was extracted from the aseptic grains; analysed for amplified fragment length polymorphisms (AFLP), simple sequence repeats (SSR) and mitochondrial DNA (mtDNA); and compared with the modern millet cultivar 'Topaz'. AFLP analysis revealed that extensive DNA degradation had occurred in the 4th-century ancient millet, resulting in only 2 (1.2%) AFLP fragments (98.8% degradation) amplified by MseCAA -EcoAGT, compared to the 15th-century medieval millet, with 158 (40%) fragments (60% degradation), and modern millet cultivar 'Topaz' with 264 fragments (100%). EcoAGT-Mse-CAA was found to be the most effective selectiveprimer combination for the analysis of medieval and modern millet. Eight AFLP fragments were sequenced after re-amplification and cloning. Microsatellite (SSR) analysis at the nuclear gln4, sh1, rps28 and rps15 loci revealed one SNP (single nucleotide polymorphism) at the 29th position (A ! G) of rps28 locus, compared to modern millet. An mtDNA fragment (Mbo I), amplified at the 18S -5S ribosomal DNA (rDNA) locus in the medieval millet, showed no molecular changes compared to modern millet. The results underline the significance of aDNA extraction and analysis of excavated seeds for comparative analysis and molecular reconstruction of ancient and extinct plant genotypes.
Introduction
Common millet (Panicum miliaceum, 2n ¼ 4x ¼ 36) is one of the most ancient grain crops, with the oldest historical reports from 5000-3200 BC (Ho, 1977) . However, various plant remains from c. 12,000-8000 BP have been recovered from the Hoabinhian culture (Gorman, 1969; Walters, 1989) . Panicum became a typical food of Sumer and northern India, together with barley (Hordeum vulgare), in about 2500 BC. For the nations of steppic Scythia, such as the Celts or Hungarians in 2000 BC, common millet was the first crop to produce two harvests in 1 year. In the ancient Chinese 'Book of Poetry' (Shih Ching), written about 1000-500 BC, nine poems mention common millet (Keng, 1974) . This crop spread from the Steppes through Europe via tribes of the Celts, Huns, Avars and Hungarians, and also through the region of the 'Fertile Crescent' and Africa (Harlan, 1971) . It was the milium (millet) of Romans (Smith, 1976) . Millet was introduced to North America in the 17th century (Colosi and Schaal, 1997) . New cultivars were registered recently.
Ancient DNA (aDNA) samples, recovered from excavated remains of plants and animals, supply unique materials not only for the analysis of postmortem DNA degradation (Threadgold and Brown, 2003) , but also for tracing crop domestication and microevolution (Brown, 1999) , with a final aim for complete genome reconstruction of extinct organisms (Cooper et al., 2001; Pääbo et al., 2004) and genotypes . In this study, we present the aDNA analyses of 1600-year-old common millet excavated in Mongolia, and 600-year-old millet from a 15th-century site in Hungary, together with a comparison with the modern cultivar 'Topaz' as a control. Amplified fragment length polymorphism (AFLP) analysis was used to amplify aDNA fragments in high numbers and to estimate the degradation of aDNA. Locusspecific microsatellites (simple sequence repeats, SSR) were used to show authenticity of the Panicum analysed, and to amplify aDNA at the nuclear gene loci of gln4, sh1, rps28 and rps15. High copy number ancient mitochondrial DNA at the 18S -5S ribosomal DNA (rDNA) locus (Mbo I) was also recovered and analysed.
Materials and methods

Seed samples
Seed remains of common millet (P. miliaceum) from the 4th-century site (third grave, Darhan, Mongolia, excavated in 1969) (50 seeds) and 15th-century sites (150 seeds) (eighth well, Mansion Teleki, King's Palace, Budapest, Hungary) (Nyekhelyi, 2003) were used in this study. Wet-sieved sediment samples were processed by floatation, followed by seed sorting and identification in the laboratory (see Fig. 1 ). For comparative analyses the modern common millet cultivar 'Topaz' (ABI, Tapioszele, Hungary) was included.
The excavated seeds at the Budapest site (see Table 2 ) were examined under a light microscope (Wild M32, Leica, Hungary) and identified to species based upon seed morphology, using the Schermann Manual (1966) . Seeds were also compared to the samples of a seed bank of the Middle European Seed and Fruit Collections (Gyulai, 2000) .
Aseptic culture
Seed remains were washed with detergent (3 min) and rinsed three times with distilled water (3 min), followed by surface sterilization with ethanol (70% v/v) for 1 min and a commercial bleaching agent (8% NaOCl w/v) for 1 min; followed by three rinses with sterile distilled water, according to general tissue culture technique, and incubated for 3 months in aseptic tissue culture medium F6 (see Fig. 2 ; Gyulai et al., 2003) to eliminate contamination before DNA extraction. Grains of the modern variety were also surface sterilized. Exogenously and endogenously 
Gene symbols: gln4, glutamine tRNA synthetase-4; sh1, sucrose synthase (shrunken-1); rps28, ribosomal protein S28; rps15: ribosomal protein S15; mtDNA, 18S -5S
rDNA. contaminated grains infected by fungi and bacteria were eliminated from further analyses.
DNA extraction
Aseptic seed remains were ground in an aseptic mortar with liquid nitrogen in a laminar air-flow cabinet. aDNA was extracted by the CTAB (cetyltrimethylammonium bromide) method in batches, according to Yang (1997) , Cooper and Poinar (2000) and Biss et al. (2003) . Seed DNA of modern cultivars (0.1 g dry weight) was also extracted in CTAB buffer, followed by an RNase-A treatment (Sigma, St. Louis, Missouri, USA) for 30 min at 378C. To avoid crosscontamination, ancient and modern samples were handled in separate laboratories using different laminar air-flow cabinets, pipettes, autoclaved tubes, mortars, pestles and thermocyclers, according to Szabo et al. (2005) . The quality and quantity of extracted DNA were measured (2 ml) by a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Delaware, USA; BioScience, Budapest, Hungary). DNA samples were adjusted to a concentration of 30 ng/ml with double-distilled water (ddH 2 O) and subjected to polymerase chain reaction (PCR) amplification according to Lagler et al. (2005) .
PCR primers
Four nuclear simple sequence repeats (SSRs) at gln4, sh1, rps28 and rps15 loci and a ribosomal mtDNA at the 18S -5S rDNA locus were amplified (Table 1) .
PCR
A minimum of two independent DNA preparations from each sample was used for PCR, following the basic protocols of amplified fragment length polymorphism (AFLP) (Vos et al., 1995) , SSR (Chin et al., 1996) and mtDNA (Petit et al., 1998) . Each successful reaction with scorable bands was repeated at least twice. Negative controls including aDNA-free, primerfree, Taq-free and water were included in PCR runs.
SSR analysis
SSR fragments were separated (2 ml) by an automatic laser fluorometer (ALFexpress II DNA Analyser; Amersham Bioscience, Uppsala, Sweden; AP, Budapest, Hungary), according to Roder et al. (1998) . Polyacrylamide gel electrophoresis (PAGE; 24% w/v) with a short thermoplate and 40-sample capacity, was run at 850 V, 50 mA, 50 W at 508C for 120 min, prior to UV-linkage for 15 min. One primer of each primer pair was labelled with Cy5 fluorescent dye at the 5 0 -end (Sigma). For sequencing, SSR and mtDNA fragments (15 ml) were run and cut out from agarose (1.6% w/v) gels and purified in a spin column (Sigma). mtDNA fragments were digested with the restriction endonuclease Mbo I to facilitate sequencing, according to the manufacturer's protocol (Fermentas-Biocenter, Szeged, Hungary).
AFLP analysis
Undiluted aDNA samples (5.5 ml) were subjected to fAFLP (fluorescent AFLP) analysis, following the method of Vos et al. (1995) with modifications (Cresswell et al., 2001; Skøt et al., 2002) . For digestion -ligation reactions, pairs of Eco RI -Mse I restriction endonucleases (REases) were used. The sequences of the preselective primer pairs were: Eco-A (gac tgc gta cca att c-a) and Mse-C (gat gag tcc tga gta ac). For selective amplification, 24 primer combinations were used with 'JOE' (green) fluorescent-labelled *Ecoprimers. In primer combinations 1-12, the primer 
MseCAC was combined with labelled primers of *Ecoaaa, -aac, -aag, -aat, -aca, -acc, -agg, -act, -aga, -agc, -agg, -agt. In primer combinations 13 -24, the labelled primer *EcoAGT was combined with primers of Mse -caa, -cag, -cat, -cca, -ccc, -ccg, -cct, -cga, -cgc, -cgg, -cgt, -cta according to Gyulai et al. (2005) . All oligonucleotides were supplied by Sigma Genosys (St. Louis, Missouri, USA), and enzymes were obtained from Roche Diagnostics (Basel, Switzerland). PCR-amplified AFLP fragments were subsequently denatured at 988C for 5 min, and directly forwarded to an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, California, USA), using a G5 filter set in two repetitions, and analysed by ABI PRISM Genotyper 3.7 NT software at the range of 150-600 bp.
Fragment recovery
AFLP samples were loaded (8 ml) on to a 4.5% (w/v) PAGE sequencing gel (Sequi-Gen GT, Biorad, Hercules, California, USA) and run for 1.5 h at 100 W (2090 V, 48 mA), followed by silver staining (Promega, St. Louis, Missouri, USA). AFLP fragments recovered from gels were either reamplified (using 1 ml in a PCR reaction with non-labelled primer pairs of EcoAGTMseCAC and EcoAGT -MseCAA), or cloned into pGEM-T Easy Vector System II, and transformed into a Jm109 competent cell (Promega). Inserts were cut out by Eco RI.
Sequencing
Fragments were subjected to automated fluorescent DNA sequencing (ABI PRISM 3100 Genetic Analyzer) and sequenced from both directions. 
Results
Excavation sites from the 4th century (Mongolia) and 15th century (Hungary) contained a great number of plant remains, including grains of common millet (P. miliaceum). The medieval site (Hungary) contained about 3 million plant remains of 195 species (Table 2 ), including 955,497 grains of common millet (Fig. 1) . Intact grains from both sites were separated from damaged grains under a microscope. The 4th-century grains showed greater damage (Fig. 2) . The ancient grains showed shrunken forms ( Fig. 2) with a major loss of kernel; nevertheless, intact grains selected from the medieval sample showed swelling upon rehydration on tissue culture media after surface sterilization and incubation (Fig. 2) . Aseptic seeds were separated and incubated individually (Fig. 2) . Because the single grains had a low quantity of aDNA, 16 intact grains from 50 seed remains of 4th-century millet were pooled, and 78 intact grains from 150 seed remains of 15th-century millet were pooled to extract DNA, according to Michelmore et al. (1991) . SSR alleles at four loci -gln4 (257 nt), sh1 (250 nt), rps28 (157 nt) and rps15 (146 nt) -were amplified in the 15th-century millet and the modern millet cultivar 'Topaz'. No SSR amplification was observed in the 4th-century sample. The medieval SSR fragments showed identical alignments with modern millet and maize sequences, with only one SNP (single nucleotide polymorphism) at the 29th position (A ! G) of the rps28 locus (Fig. 3) .
When SSR sequences of medieval and modern millet were compared to maize (Zea mays) (NCBI database), three indels (insertion and deletions) and SNPs were observed in the gln4 allele of millets. There was consensus between the millets and maize at the sh1 locus. In the rps28 locus of millets, a (ct) 2 dinucleotide repeat deletion of the core sequence of SSR and several SNPs were observed compared to maize (Fig. 3) . In the rps15 locus an insertion of A at the 42nd position, and a G ! T nucleotide substitution (transversion) at the 106th position, were detected in the millets compared to maize (Fig. 3) .
Of the organelle-specific primer pairs applied [chloroplast DNA (cpDNA): trn H, trn K, rpoC2 and psbC; and mtDNA: nad1B, nad1C, cox II and cob ] from the collection of Petit et al. (1998) (data not shown), one of the 18S-5S ribosomal mtDNA primer pairs (Al-Janabi et al., 1994) recognized a template in the medieval and modern millets. Sequence analysis of the restricted fragment Mbo I (571 bp) did not detect any nucleotide changes between the medieval and modern common millet (Fig. 4) . No organelle aDNA was amplified in the 4th-century sample. 30   60   90   150  160  170  180  190  200  210  220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390  400  410  420  430 1_90_AGT-CAC_B12_04.fsa 4 Green Table 3 . Total numbers, %, and degradation (degr. %) of the fluorescent amplified fragment length polymorphism (fAFLP) fragments of common millets (4th and 15th centuries), compared to modern millet cultivar 'Topaz'. The selective AFLP primer combinations are: MseCAC combined with (a) EcoAAT*, (b) EcoACC*, and (c) EcoAGT*; and EcoAGT* combined with (d) 
1_17_AGT-CAC_A03_01.fsa 1 Green
MseCAA, (e) MseCAG, (f) MseCAT, (g) MseCCC, (h) MseCCT, (i) MseCGA, (j) MseCGC and (k) MseCTA fAFLP fragment number/selective primer pairs (a) to (k) Total (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) No. % degr.% 4th century - - 2 - - - - - - - - 2
AFLP analysis
Eleven of the 24 selective primer pairs produced sharp AFLP patterns in the samples (Fig. 5) . The 4th-century sample revealed only two fragments (85 bp and 230 bp), both amplified by the EcoAGT -MseCAC primer pair; 158 AFLP bands were amplified in the 15th-century sample compared to the 264 AFLP bands detected in the modern common millet cultivar 'Topaz'. The average number of AFLP fragments per selective primer pair ranged from 0.2 (4th-century millet) and 14.4 (15th-century millet) to 24 ('Topaz'). The selective primer pair EcoAGT-MseCAA was the most effective combination, generating 34 and 42 AFLP fragments in the 15th-century millet and 'Topaz', respectively (Table 3) . Twenty-one AFLP fragments were recovered from a PAGE gel (Fig. 6) , and eight of them revealed identical sequences after either reamplification or cloning (Fig. 7) . BLAST analysis revealed that one fragment (EcoAGT -MseCAC-272) from the 15th-century millet showed significant similarity with the universal Ugpe, an ABC-type transporter (permease) gene (NCBI, BAB04200) (Fig. 7) . A fragment (EcoAGT -MseCAA-462) from the modern millet cultivar 'Topaz' showed significant similarity with the gypsy/Ty3-type retrotransposon (NCBI, AF050455). AFLP fragments amplified by the same Figure 7 . Sequence data of amplified fragment length polymorphism (AFLP) fragments of 15th-century common millet (Panicum miliaceum) (1)- (7), compared to the modern millet cultivar 'Topaz' (5b). Primer sequences of selective primer pairs of EcoAgactgcgtaccaattc-axx and the complementary sequence of MseC-gatgagtcctgagtaa-cxx are underlined.
primer pair (EcoAGT -MseCAA) in the medieval and modern millet (5a and 5b in Fig. 7) did not show sequence homology, when amplified from different loci of their genomes. The two AFLP fragments from the 4th-century millet had such low intensities that further fragment purification was not successful.
Discussion
Common millet grains of the 15th-century site used in the present study appeared to be extremely well preserved due to anaerobic conditions in the slime of a deep well covered by water, apparently used as dusthole in the Middle Ages (Nyekhelyi, 2003) . These seeds looked intact, but were incapable of germinating: the half-life longevity of P. miliaceum is reported to be c. 12 years (Priestley, 1986) . Nevertheless 15th-century grains showed swelling on tissue culture medium (Fig. 2) by water uptake, a primary event of seed germination (Bewley, 1997) . Despite no germination, aseptic archaeo seeds, free of foreign DNA contamination, were obtained for further aDNA extraction and molecular analysis.
Agarose gel electrophoresis of the extracted total aDNA showed different degrees of degradation in the 4th-and 15th-century samples, compared to modern common millet (Fig. 2) , probably due to hydrolytic and oxidative damage (Yang, 1997; Poinar et al., 2003; Pääbo et al., 2004) . The quantities of aDNA extracted from two batches of 4th-century grains (0.083 g and 0.079 g produced 2.26 ng/ml and 1.97 ng/ml DNA, respectively) and those of 15th-century grains (0.089 g and 0.090 g produced 8.82 ng/ml and 6.71 ng/ml DNA, respectively) were much lower than the DNA samples from the modern common millet cultivar 'Topaz' (0.315 g and 0.371 g produced 417.3 ng/ml and 536.4 ng/ml DNA, respectively). The 15th-century aDNA showed less degradation than in 4th-century samples, with the presence of high molecular weight fragments (Fig. 2) , probably not only because of the younger age of the samples, but also because of the cold, humid and anaerobic conditions in the medieval well. Successful aDNA extractions have been made from 400,000-to 10,000-year-old permafrost plant samples from Siberia (Willerslev et al., 2003) . The extensive DNA degradation in the 4th-century millet aDNA was probably due to the arid continental climatic conditions at the surface excavations of the sandy soil site in Mongolia.
In theory, microsatellites, as highly species-specific probes (Toth et al., 2000) , are optimal for aDNA analysis by excluding cross-reactions with contaminating microorganisms, or any ancient organisms and laboratory DNAs (Gugerli et al., 2005) . SSR analysis has been applied to c. 100-year-old herbarium samples of common reed (Phragmites australis) to track plant invasion in North America (Saltonstall, 2003) . Melon (Cucumis melo)-specific SSRs were used to identify an inodorus type melon recovered from the 15th century . Allelic diversity of microsatellites was also reliably detected in aDNAs of 4000-year-old seagrass (Posidonia oceanica) (Raniello and Procaccini, 2002) . However, the very fragmented aDNA (Fig. 2) of the 4th-century millet prevented SSR amplification in our study.
Unlike wheat, maize and Lolium, no database is available for common millet at present. Therefore, we selected maize-specific nuclear SSR markers for DNAfishing in the aDNA microsatellites. At the rps28 locus, only one nucleotide change (A ! G) was observed between 15th-century millet and modern millet cultivar 'Topaz' at the 29th position (Fig. 3) , which might be the reason for the post-mortem hydrolytic deamination of adenine (A) to hypoxanthine, which pairs with cytosine (C) and can be read as guanine (G) in the PCR amplification (Threadgold and Brown, 2003) . Because the A ! G transition is located in the middle of the SSR sequence, it does not seem to be an artefact caused by Taq polymerase, which adds an A to the amplified fragment at the 3 0 end of the sequence (Hofreiter et al., 2001; Poinar et al., 2003) .
The theoretical opposite nucleotide transition from G to A in modern millet compared to medieval millet, as the result of microevolution, seems to be unlikely, since the relatively constant rate of mutation in evolution is longer than 600 years, even in crops that have been under accelerated evolution by selection pressure (Bromham and Penny, 2003) . To compare, the mutation rate of human SSRs is about 10 23 to 10 25 per gamete (Bowcock et al., 1994) . Nevertheless, nuclear SSRs of aDNA of medieval melon (Cucumis melo), excavated from the same site as the millet in the present study, showed a high number of indels (13) in a 1383-bp-long sequence of eight microsatellite loci . Our results might indicate a more stable monocotyledonous millet genome compared to dicotyledonous melon, or more accelerated post-mortem aDNA degradation in the high-protein-containing melon seeds than in the high-carbohydrate-containing millet grains (Poinar and Stankiewicz, 1999) .
Organelle mtDNA at the 5S-18S rDNA locus was amplified in the medieval sample, but not in the 4th-century sample. The Mbo I-571 fragment of the medieval sample revealed consensus sequence alignments with the modern cultivar 'Topaz' (Fig. 4) , without SNPs, as expected. Multiple copy aDNA fragments -such as the highly conserved mtDNA, cpDNA and rDNA -were also reported to be highly amplified compared to double-copy (2n) nuclear aDNA sequences (Deguilloux et al., 2002; Gugerli et al., 2005) . The reason for the unsuccessful reactions in the rest of the organellespecific markers, including cpDNA (trn H, trn K, rpoC2 and psbC) and mtDNA (nad1B, nad1C, cox II and cob) (Petit et al., 1998) , might be due to the expected long template fragments, which suggests a need for different protocols, such as long-PCR (Cheng et al., 1994; Cooper et al., 2001) . Restorase DNA polymerase and GenomePlex WGA amplification (Sigma) have been used for amplification of DNA samples with limited quantities and qualities (Sun et al., 2005) .
In the AFLP analysis, only one of the seven ALF fragments (Fig. 6) showed identical plant DNA sequences in the medieval sample. Nevertheless, only AFLP (Table 3) was successful in the fragment recovery from the 4th-century millet, compared to SSR or mtDNA. This result underlines the useful application of AFLP with high amplification capacity in archaeogenetics (Allaby and Brown, 2003) .
To conclude, the incubation of archaeobotanical samples of common millet under aseptic conditions provided contamination-free seed samples for aDNA isolation. The aDNA degradation evaluated by AFLP was extensive in the 1600-year-old (4th-century) sample (98.8%). In the 15th-century sample, with 40% AFLP degradation, a total of 2529-bp-long AFLP sequences was recovered. A further 1802-bp-long sequence was recovered from the 15th-century millet at five nuclear SSR and mtDNA loci; these sequences are the first records in a Panicum database. Since only one SNP was observed in the 15th-century millet, at the rps28 SSR locus, this indicates a genetically stable Panicum genome with good preservation conditions at the medieval excavation site.
